cells, but in some PEL cell lines a minority of KSHV-infected cells will spontaneously switch into the lytic cycle.
The lytic viral replication cycle of KSHV can be experimentally induced in PEL cells by addition of the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) or n-butyrate (78, 107) . Virus harvested from induced PEL cell lines can infect the epithelial cell line 293 (39, 106) , primary endothelial cell cultures (16, 24, 38) , immortalized endothelial cell lines (64, 82) , human and murine fibroblasts, HeLa cells, and the endothelial SLK cell line (7) . Infectious KSHV can also be produced from latently infected 293 and TIME cells after induction of the lytic cycle following transfection or transduction of the viral lytic transactivator regulator of transcriptional activation (RTA/ORF50) (7) . Viral particles generated from 293 cells stably transfected with a recombinant KSHV genome in a bacterial artificial chromosome (BAC) can infect 293, HeLa, and human endothelial cells (135) .
Several studies have demonstrated the importance of inflammatory cytokines in KSHV-associated pathogenesis (34) . KSHV encodes various genes capable of regulating cellular cytokine expression such as the viral G-protein-coupled receptor (vGPCR) (99, 117) , K1 (67) , kaposin B (75) , and homologues of human interleukin-6 (IL-6) and cellular CC chemokines (87) . The lytic KSHV membrane proteins vGPCR and K1 are signaling proteins capable of activating multiple cellular signaling cascades such as mitogen-activated protein (MAP) kinase pathways and several transcription factors implicated in inflammatory responses (14, 88) .
Another KSHV-encoded membrane protein capable of eliciting cellular signal transduction pathways is K15 (14) . The K15 ORF is located between the viral terminal repeat region and ORF75 of the KSHV genome (23, 44, 100) . Multiple alternatively spliced transcripts are generated from the K15 gene, with the most prominent transcript encompassing eight exons. The sequences of all K15 cDNA clones isolated so far are predicted to contain a common C-terminal cytoplasmic region (encoded by exon 8) linked to a variable number of transmembrane domains, with the full-length transcript (exons 1 to 8) coding for a protein with up to 12 transmembrane domains.
Expression of K15 transcripts was identified in unstimulated KSHV-positive PEL cells and was shown to be upregulated upon lytic cycle induction (23, 44, 100) . Gene array studies indicate that K15 is predominantly expressed during the lytic cycle in PEL cell lines (57, 85, 98) . In the PEL cell line BCBL-1, ectopic RTA/ORF50 expression, and TPA induction were shown to mediate K15 promoter transactivation (130) . Taken together, these findings suggest that K15 is expressed after activation of the lytic cycle in PEL cells.
Cloned into mammalian expression vectors, the eight-exon K15 isoform is translated into a protein with an apparent mass of ϳ45 kDa that associates with lipid rafts and forms patches on the plasma and cytoplasmic membranes in 293 and Cos-1 cells with a mainly perinuclear localization (13, 23, 44, 116) . However, in uninduced PEL cell lines, a protein of 23 kDa was detected with a monoclonal antibody raised to the C-terminal domain of K15, and immunofluorescence studies showed a cytoplasmic staining in the majority of these cells (116) . Upon induction of the lytic cycle, expression of this 23-kDa protein decreased over time, suggesting latent kinetics for this protein.
By immunostaining with a monoclonal K15 antibody, K15 expression has so far been observed in multicentric Castleman's disease plasmablasts but not in KS tumors (116) .
The cytoplasmic domain of K15 contains several signaling motifs: a proline-rich motif that could potentially serve as an SH3-binding (SH3-B) motif (PP 387 PLPP), a motif reminiscent of a tumor necrosis factor receptor-associated factor (TRAF) binding site (ATQ 475 PTDD), and two potential SH2-binding (SH2-B) sites (VFGY 431 ASI and DDLY 481 EEV). K15 shows structural and functional similarities to Epstein-Barr virus (EBV) latent membrane proteins LMP1 and LMP2A (14) . Like LMP1, K15 interacts with TRAF-1, TRAF-2, and TRAF-3, activates the MAP kinase c-jun-N-terminal kinase (JNK) 1, and the transcription factors NF-B and AP-1 (13, 44) . Reminiscent of LMP2A, K15 interacts with members of the Src family of protein tyrosine kinases via its C-terminal domain and is phosphorylated in vitro at Y 481 by these kinases (13) . A chimera of the CD8 molecule fused to the K15 cytoplasmic domain is constitutively phosphorylated at Y 481 of the Y 481 EEV motif in vivo (23) . The CD8-K15 chimera was shown to downregulate B-cell receptor signaling in B cells, which seems to be mediated via the putative SH3-B and the SH2-B motif Y 481 EEV (23) . Further, K15 can induce activation of the MAP kinase Erk2 via the classical Ras/Raf/MEK pathway (13) .
Here, we show the expression of a 45-kDa K15 protein in the epithelial cell line 293 stably transfected with the entire KSHV genome cloned as a bacterial artificial chromosome (KSHV BAC36). This 45-kDa K15 protein expressed in the context of the complete KSHV genome was significantly induced upon lytic cycle induction and shows a similar intracellular localization as the transfected eight-exon cDNA of K15. Employing two types of DNA oligonucleotide microarrays, we identified several cytokines, chemokines, and cellular genes such as Down syndrome critical region 1 (Dscr1), cyclooxygenase 2 (Cox-2), and matrix metalloproteases as downstream targets of K15. With few exceptions, K15-induced activation of gene expression in epithelial cells was dependent on Y 481 of the SH2-B motif of K15. In contrast, in SLK endothelial cells the K15 mutant K15 F 481 was still able to induce expression of K15-downstream targets Dscr1 and Cox-2 and NFAT activity, indicating host-cell-dependent functions of Y 481 . These results establish K15 as one of the KSHV-encoded proteins that on their own have the capacity to modulate the host cell response toward an inflammatory phenotype and may therefore be involved in KSHV-associated pathogenesis.
MATERIALS AND METHODS
Cell lines, transfections, and lytic cycle induction. The cell lines HEK (human embryonic kidney) 293-T, HEK 293, Cos-7, and human SLK endothelial cells were cultured in Dulbecco's modified Eagle medium (Gibco) supplemented with 10% heat-inactivated fetal calf serum (FCS), 50 IU/ml penicillin, and 50 g/ml streptomycin at 37°C in humidified air with 5% CO 2 . The endothelial SLK cell line was established from a biopsy of an oral KS tumor of an iatrogenically immunosuppressed human immunodeficiency virus-negative patient and has since lost the KSHV genome (49) . The human cervix epithelial HeLa cell line and the epithelial kidney cell line PtK2 (isolated from Potorous tridactylis) were cultured in minimal essential medium (Cytogen) supplemented as above. Sf9 insect cells were cultured in Grace's insect medium (Gibco) with 10% FCS, 50 IU/ml penicillin, and 50 g/ml streptomycin at 27°C. For transfections, cells were grown to subconfluence in six-well plates. 293-T cells, Cos-7, PtK2, and HeLa cells were transfected with FuGENE transfection reagent (Roche) (FuGENE: DNA ratio of 3 l:1 g). SLK cells were transfected with Lipofectamine 2000 according to the manufacturer's instructions with a Lipofectamine:DNA ratio of 4 l:4 g (Invitrogen). For immunofluorescence studies, SLK cells were transfected with 2 g of DNA. The KSHV BAC clone 36 (135) was kindly provided by S. J. Gao. KSHV BAC36 DNA for transfection of 293 cells was prepared from Escherichia coli strain DH10B with the Maxi-BAC Kit (Machery and Nagel). For transfection, 293 cells were plated at 3 ϫ 10 5 cells per well of a six-well plate and transfected 2 days later at 70% confluence with Lipofectamine 2000, according to the manufacturer's instructions (Invitrogen) (DNA:Lipofectamine ratio of 4 g:10 l). The transfection efficiency could be monitored by green fluorescent protein expression. The medium was changed the following day, and 48 h posttransfection cells were trypsinized and split 1:2. Eight days posttransfection, cells were trypsinized and split 1:3 in Dulbecco's modified Eagle medium containing HygromycinB (150 g/ml). The medium was changed every 3 days and when foci developed, individual foci were picked and transferred into a 96-well plate under selection with HygromycinB.
The lytic viral life cycle was induced 1 or 2 days after seeding 293 KSHV BAC36 cells by addition of 1 mM sodium butyrate (Sigma) or infection with baculovirus coding for KSHV ORF50/RTA or both. At different time points postinduction, cells were lysed in 250 l of TBS-T (20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, and protease inhibitors phenylmethylsulfonyl fluoride [ 
per well of a six-well plate. The generation of the recombinant baculovirus expressing KSHV ORF50/RTA was described elsewhere (128) . For infection of mammalian cells, RTA baculovirus containing Sf9 insect cell culture supernatant was cleared by centrifugation (500 ϫ g for 15 min), and 200 l of supernatant was added per well of a six-well plate.
DNA constructs. The full-length K15 cDNA clone (K15 amino acids [aa] 1 to 489, exons 1 to 8) and the point mutant K15 Y 481 F used in this study were generated as follows. The full-length K15 wild-type (WT) construct containing an artificial Kozak sequence (bold) 5Ј of the ATG in exon 1 (underlined) was generated by PCR on clone MBK15 using the primers K15EcoRIKozakfor (5Ј-TATGAATTCGCCACCATGAAGACACTCATATTCTTCTGG-3Ј) and FlagLAMPa3Ј binding to exon 8 (5Ј-TATGAATTCCTAGTTCCTGGGAAAT AAAAC-3Ј) (underlining indicates the stop codon in exon 8). The PCR fragment was cloned EcoRI in pFJ-EA. The K15 point mutant K15 Y 481 F was generated as the K15 WT construct but with reverse primer LAMPaY:Frev (5Ј-TATGAA TTCCTAGTTCCTGGGAAATAAAACCTCCTCAAACAGGTC-3Ј) introduc-VOL. 81, 2007 KSHV K15 AND HOST GENE EXPRESSION 43 ing the amino acid substitution Y 481 3F 481 (bold). The generation of the fulllength K15 P-type cDNA clone MBK15 (K15 aa 1 to 489) from the BCP-1 KSHV isolate (primary effusion cell line infected with KSHV) has already been described (13) .
The reporter plasmids Dscr1 (in pGL3b) and Cox-2 (in pGL3b) contain the promoter regions of the dscr1 and cox-2 genes cloned upstream of the luciferase gene of the pGL3b vector, respectively, and were kindly provided by Elia J. Duh (132) . The promoterless pGL3b reporter (Promega) served as negative control. The pTA-Luc vector (Clontech) contains the minimal TA promoter upstream of the luciferase reporter gene. The pNFAT-TA-Luc vector (Clontech) additionally contains three tandem copies of the NFAT consensus sequence upstream of the minimal TA promoter and the luciferase reporter gene.
siRNA design and transfection. The K15 small interfering RNA (siRNA) was targeted to exon 8 of K15 (CAACCACCUUGGCAAUAAU) and was purchased from Dharmacon. HeLa and 293-T cells (in six-well plates) were transfected with 160 pmol of K15 siRNA (diluted in 250 l of Opti-MEM I medium [Gibco]) and 5 l of Lipofectamine 2000 (Invitrogen) (diluted in 250 l of Opti-MEM I) at 30 to 50% confluence according to the manufacturer's instructions. Six hours later, the medium was replaced and cells were transfected with 1 g of K15 expression construct (FuGENE).
293 KSHV BAC36 cells were plated at a cell density of 6 ϫ 10 5 cells/well of a six-well plate and transfected the following day with K15 siRNA as described above. Six hours later, cells were washed, and fresh medium was added. Twenty hours after siRNA transfection, cells were either left untreated or stimulated with 1 mM butyrate or baculovirus coding for KSHV ORF50/RTA or both and lysed 24 h postinduction.
Oligonucleotide DNA microarray experiments. HeLa cells were seeded in six-well plates at a density of 8 ϫ Total RNA from cells transfected as described above was purified with the RNeasy kit followed by on-column DNase I digestion (QIAGEN). RNA was used to prepare Cy3-or Cy5-labeled cRNA by oligo(dT)-T7-primed doublestranded cDNA synthesis (cDNA synthesis system; Roche), followed by in vitro transcription with T7-polymerase (MEGAscript T7 kit; Ambion) as directed by the manufacturers. cRNA yields were determined photometrically.
For low-density microarray experiments, 16 g of Cy3-labeled cRNA derived from approximately 2.5 g of total RNA was hybridized individually to microarrays (one sample per array). For high-density microarray experiments, 40 g of Cy3-and Cy5-labeled cRNA populations, derived from approximately 5 g of total RNA, representing two different experimental conditions, were combined and cohybridized onto the same microarray (two-color experiment).
cRNAs were fragmented, repurified, and hybridized to microarrays in preprepared hybridization solution (MWG Biotech) at 42°C overnight and then washed sequentially in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% SDS, 1ϫ SSC, and 0.5ϫ SSC. Hybridized arrays were scanned on an Affymetrix 428 scanner at variable photomultiplier tube voltage settings. Fluorescence intensity values were processed using Imagene 4.2 software (Biodiscovery). In order to obtain maximal signal intensities without saturation effects, intensity values from TIFF images were integrated into one value per probe by the MAVI software (version Pro 2.5.1; MWG Biotech). Data were filtered for flagged spots and low intensity values; remaining data were used to calculate ratios of gene expression using Excel macros. Additional information on the microarrays and methodology used can be obtained at http://www.mh-hannover.de/forschung /sfb566/microarray/index.phtml.
Real-time PCR.
The same cDNAs that were used for high-density microarray experiments were used to quantify the amounts of mRNA of actb (Hs99999903_m1), cxcl8 (Hs00174103_m1), and vegf (Hs00173626_m1) by the indicated assays on demand (Applied Biosystems). Real-time reactions were performed in 25-l mixtures using an ABI7500 instrument, and cycle threshold (C T ) values for each PCR product were calculated by the 7500 Fast System software (version 1. QIAGEN) . cDNA was prepared as described for DNA microarray experiments. For the subsequent PCR, 7 ng of HeLa or SLK cDNA was used per PCR with primers spanning the intron between exons 5 and 6 of the dscr1 gene (dscr1 347-365-for, 5Ј-CCTTCTCCGCAGCAGATGC-3Ј; dscr1 543-524-rev, 5Ј-GACT GGGGTCGCATCTTCCAC-3Ј). This primer combination detects the same dscr1 isoforms as the inflammation DNA microarray and amplifies a spliced transcript of 196 bp and would amplify a genomic fragment of 554 bp if genomic traces of DNA were present. The PCR was performed with the Hot Star Taq kit (QIAGEN) with the following PCR conditions: 15 min at 95°C followed by 22 to 24 cycles of 30 s at 94°C, 30 s at 57°C, 20 s at 72°C, and 7-min final extension at 72°C. The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified with primers GAPDHfor (5Ј-ACCACAGTCCATGC CATCAC-3Ј) and GAPDHrev (5Ј-TCCACCACCCTGTTGGTGTA-3Ј) and the following PCR conditions: 15 min at 95°C followed by 22 to 24 cycles of 30 s at 94°C, 30 s at 60°C, 30 s at 72°C, and 7-min final extension at 72°C. A total of 5 pmol of each primer was used for one PCR of 25 l. PCR products were separated on 1.5% agarose gels and visualized by ethidium bromide staining. To control equal expression levels of the K15 proteins, SLK cell lysates were analyzed by Western blotting as described for HeLa cells (DNA microarray).
ELISA. HeLa cells were transfected exactly as described for the DNA microarrays. At 32 h posttransfection, the conditioned medium was collected and centrifuged for 5 min at full speed in a table-top centrifuge, and supernatants were analyzed by enzyme-linked immunosorbent assay (ELISA) according to the manufacturer's instructions (Immunotools). The cells were lysed in RIPA 100 buffer to control K15 protein expression by Western Blotting as described for the DNA microarrays.
Cytokine antibody array. HeLa cells were transfected exactly as described for the DNA microarrays. At 32 h posttransfection, the conditioned medium was collected and centrifuged for 5 min at full speed in a table-top centrifuge, and supernatants were analyzed with the Cytokinearray III encompassing 42 different human cytokines according to the manufacturer's instructions (RayBiotech). The captured cytokines were detected with a mixture of biotin-labeled anticytokine antibodies, followed by streptavidin-horseradish peroxidase and chemiluminescence. Quantification of the spots was performed with the Kodak 1D imaging software. The cells were lysed in RIPA 100 buffer to control K15 protein expression by Western blotting as described for DNA microarrays.
Luciferase-based reporter assays. 293-T cells were plated at a cell density of 5 ϫ 10 5 cells per well of a six-well plate and transiently cotransfected the following day with 100 ng of the reporter plasmid Dscr1 or Cox-2 or the control reporter plasmid pGL3b and 1 g of K15 expression constructs or empty vector (pFJ-EA) per well of a six-well plate. At 20 h posttransfection, the medium was replaced with medium containing 1% FCS. At 29 h posttransfection, cells were washed once with phosphate-buffered saline (PBS) and lysed in reporter lysis buffer (Promega). Luciferase activities were measured in cleared lysates using a luciferase assay system according to the manufacturer's instructions (Promega). Luciferase activity was calculated as relative induction (n-fold) compared to mock (empty expression vector)-transfected controls. The reporter assays with the pTA (negative control) or pNFAT-TA luciferase reporter plasmids were performed as described above, with the exception that the serum was reduced to 0% FCS 20 h posttransfection. As a positive control for NFAT activation, transfected 293-T cells were stimulated with TPA (200 ng/ml; Sigma) and calcium ionophore (5 M; Sigma) or as negative control with dimethyl sulfoxide (DMSO) 4 h before cells were lysed. SLK cells were seeded at a cell density of Immunoblotting. For detection of proteins by Western blotting, cleared cell lysates containing K15 proteins were not boiled prior to SDS-polyacrylamide gel electrophoresis. As indicated, the following primary antibodies were used for immunostaining of immunoblots: mouse anti-actin (Chemikon), mouse antivimentin (Chemikon), and rabbit anti-K15 (13) antibodies. Immunoblots were analyzed using horseradish peroxidase-coupled secondary antibodies (Dako) and a standard enhanced chemiluminescence reaction.
Immunofluorescence. HeLa, SLK, and PtK2 cells were washed once with PBS and fixed for 20 min with paraformaldehyde (3% in PBS) and then washed three times with PBS and incubated with NH 4 CL (50 mM) in PBS for 10 min. Cells were then permeabilized for 5 min with 0.1 to 0.2% Triton X-100 in PBS, washed three times with PBS, and blocked for 1 h in 10% FCS in PBS at room temperature. The first antibody (diluted in 2% FCS in PBS) was applied for 1 h at room temperature, and cells were washed three times with PBS and then incubated for 30 min at room temperature with the secondary antibody (diluted in 2% FCS in PBS). After three washes with PBS, cell nuclei were stained with Hoechst, washed with PBS, and embedded in MOWIOL with Dabco (25 mg/ml, Sigma) and analyzed by fluorescence microscopy. The primary K15 polyclonal antibody was diluted 1:200. Secondary antibodies were anti-rabbit Cy3 (1:200; Jackson ImmunoResearch) or anti-rabbit fluorescein isothiocyanate (1:40) (Dako).
293 KSHV BAC36 cells were plated on coverslips at a cell density of 4 ϫ 10 5 to 5 ϫ 10 5 cells per well of a six-well plate coated with 0.1% gelatin in PBS. The lytic viral life cycle was induced the following day by the addition of sodium butyrate (1 mM final concentration; Sigma) or baculovirus encoding the lytic switch protein KSHV RTA/ORF50. At 23 to 38 h postinduction, cells were analyzed by fluorescence microscopy as described above.
RESULTS
A K15 protein of 45 kDa is expressed in the 293 KSHV BAC36 cell line. When transiently expressed in cell lines such as 293-T or HeLa, the eight-exon K15 transcript is translated into a membrane protein of ϳ45 kDa (13, 23, 116) . Until now, full-length K15 transcripts (exons 1 to 8) have been detected in KSHV-positive PEL cell lines by RT-PCR (23, 44) , but a K15 protein of 45 kDa has, until now, not been observed in any KSHV-positive cell line analyzed.
We detected a K15 protein of 45 kDa in 293 cells that were stably transfected with the complete KSHV genome derived from the PEL cell line BCBL-1 and which had previously been cloned into a bacterial artificial chromosome, KSHV BAC clone 36 (135) . As shown in Fig. 1A (right blot), this 45-kDa K15 protein was weakly expressed in uninduced 293 KSHV BAC36 cells, and its expression increased upon induction of the lytic viral life cycle with sodium butyrate. Whereas induction of the lytic viral life cycle by infection with a baculovirus coding for the KSHV lytic switch protein RTA/ORF50 did not increase K15 expression, the addition of both compounds (sodium butyrate and baculovirus RTA/ORF50) was most effective in the upregulation of K15 expression (Fig. 1A, right blot) . The K15 protein expressed from the complete KSHV genome migrates as a doublet (Fig. 1A , right blot) similar to the K15 protein expressed from a cDNA expression vector (exons 1 to 8) in transiently transfected 293-T cells (Fig. 1B) , suggesting posttranslational modifications.
To verify that the 45-kDa protein detected by our polyclonal K15 antibody in the 293 KSHV BAC36 cell line was indeed derived from ORF K15, an siRNA directed against exon 8 of K15 was first validated in a cotransfection experiment in 293-T cells with the K15 expression construct comprised of exons 1 to 8 (Fig. 1B) . After transfection into the 293 KSHV BAC36 cell line, this K15 siRNA was able to significantly reduce the expression of the 45-kDa protein detected by the polyclonal K15 antibody in sodium butyrate and RTA/ORF50-induced 293 KSHV BAC36 cells (Fig. 1C) , indicating that the latter is in fact derived from ORF K15.
Intracellular localization of endogenously and transiently expressed K15 protein. Different intracellular localization patterns of the transiently expressed K15 protein have been reported which range from endoplasmic reticulum localization in 293 and HeLa cells (116) to the formation of large patches on external and cytoplasmic membranes in 293 cells (44) , and cytoplasmic, plasma membrane, and perinuclear localization in Cos-1 and 293 cells (23, 116) . In the epithelial cell line PtK2 and the endothelial cell line SLK, the transfected eight-exon K15 expression construct produced a distinct punctuate expression pattern evenly distributed over the entire cell and concentrated in the perinuclear region, which was visualized with either a monoclonal K15 antibody directed against amino acids encoded in exon 8 (data not shown) or the polyclonal K15 antibody ( Fig. 2 ; PtK2 in image A1 and SLK in image D). In K15-expressing PtK2 cells, the majority of K15 did not colocalize with the endoplasmic reticulum marker calnexin (data not shown).
We next examined the 293 KSHV BAC36 cell line, after treatment with butyrate, for the expression of endogenous K15 protein by immunofluorescence with the K15 polyclonal antibody. As observed for transiently expressed K15 protein in SLK and PtK2 cells, endogenous K15 expression was concentrated in the perinuclear region (Fig. 2, image B1 ). Image C (Fig. 2) , which shows a higher magnification of a K15-expressing 293 KSHV BAC36 cell, illustrates that the K15 protein expressed in the context of the entire KSHV genome shows a punctuate localization similar to that observed in PtK2 or SLK cells transiently transfected with K15 (Fig. 2 , images A1 and D). In uninduced 293 KSHV BAC36 cells only very few cells were positive for the K15 protein (data not shown). We observed that a small percentage of 293 KSHV BAC36 cells expressed the late lytic glycoprotein K8.1 A/B and the early lytic protein ORF59 without induction of the lytic cycle (data not shown). It is therefore likely that the K15 expression observed in uninduced 293 KSHV BAC36 cells occurs in a subset of cells that have spontaneously switched on the lytic cycle.
Genome-wide investigation of K15-regulated cellular genes reveals several genes related to inflammation. The K15 membrane protein activates the MAP kinases extracellular signalregulated kinase (ERK) and JNK and the transcription factors AP-1 and NF-B (13). K15 is constitutively tyrosine phosphorylated at Y 481 in vivo (23), and we have shown that members of the Src family of protein tyrosine kinases phosphorylate Y 481 in vitro (13) . All signaling activities of K15 described so far are significantly impaired when Y 481 is mutated to F 481 (13) . In order to explore the downstream targets of K15 signaling, we performed high-density DNA microarrays on K15-transfected cells. Since the 293 KSHV BAC36 epithelial cell line was the first cell system in which we could detect the expression of the 45-kDa K15 protein in the context of the complete viral genome, we chose epithelial cells for further experiments. HeLa cells were transiently transfected with either pFJ-EA (empty vector control; mock) or K15 expression constructs K15 WT or the K15 F 481 mutant. At 32 h posttransfection, cells were lysed for RNA extraction, and cDNA was prepared as described in Material and Methods and the notes to Table 1 . In these experiments, the transfection efficiency of HeLa cells was about 50% for both K15 WT and K15 F 481 , and both proteins were expressed at equal levels as judged by immunofluorescence and Western blotting (data not shown).
As depicted in Table 1 , by the filter criteria applied, 56 genes were consistently upregulated more than 1.5-fold by K15, and 3 genes were downregulated. Cellular genes induced by K15 included several involved in inflammation, such as the chemokines interleukin-8 (cxcl8), gro1 (cxcl1/gro␣), and monocyte chemotactic protein 1 (mcp-1; ccl2), as well as the cytokines interleukin-6 and interleukin-1␣ ( Table 1 ). The K15 F 481 mutant only marginally affected expression of these five inflammatory genes (Table 1) .
Among the K15-induced genes were also several whose expression was upregulated to the same extent by K15 WT and the K15 F 481 mutant (depicted in bold in Table 1 ), e.g., deathassociated protein kinase 2 (dapk2), neuronal pentraxin receptor (nptxr), syntrophin (sntg2), prostate differentiation factor (plab), hmp19 protein, and fibroblast growth factor 12 (fgf12).
We extended the analysis of K15-regulated inflammatory genes by an additional series of experiments using a DNA oligonucleotide microarray containing 155 validated oligonucleotide probes for 136 inflammatory genes. Among the 136 inflammatory genes are chemokines, cytokines, growth factors and the respective receptors, adhesion molecules, enzymes, matrix proteins, signal transduction transcription factors, and matrix metalloproteases (52, 53) . Using this type of microarray, 27 genes were found to be upregulated by K15 more than 1.5-fold in two independent experiments ( Table 1) .
As on the high-density array, IL-8 was the cellular gene most strongly upregulated (36-fold) by K15 WT (Table 1) , whereas the K15 F 481 mutant was strongly impaired in its ability to upregulate IL-8 (3.5-fold) ( Table 1) . Besides IL-8, the genes of the chemokines CCL20, CXCL3, and CCL2 and of the interleukins IL-1␣, IL-1␤, and IL-6 were significantly upregulated by wild-type K15 but not by mutant K15 F 481 (Table 1) . Notably, K15 induced the expression of three genes that are downstream targets of vascular endothelial growth factor (VEGF) ( Table 1) : Down syndrome critical region 1 (dscr1; 5.6-fold), cyclooxygenase 2 (ptgs2/cox-2; 5.8-fold), and tissue factor (f3; 1.6-fold). The K15 F 481 mutant slightly activated dscr1 (1.8-fold) and cox-2 (2.1-fold) gene expression and did not activate tissue factor/f3 gene expression (0.9-fold) ( Table 1) .
In summary, we have shown that K15 has the capacity to modulate the host cell response toward an inflammatory phenotype: K15 induces gene expression of chemokines (C-X-C chemokines CXCL8/IL-8, CXCL3/Gro␥ and CCL2; C-C che- we analyzed cytokine secretion of K15-transfected HeLa cells. We used a cytokine antibody array spotted with 42 different human cytokine antibodies. The supernatants of HeLa cells transiently transfected with empty vector pFJ-EA, K15 WT, or K15 F 481 were incubated with the antibody array membrane, and binding of secreted cytokines was measured as described in Materials and Methods. This assay showed that K15 expression induced the secretion of IL-6, IL-8, and GRO␥/CXCL3 proteins in HeLa cells (Fig. 3A) . The control spots (Fig. 3A) are marked as well as the spots for IL-8, IL-6, and GRO␥. Quantification of the spots in Fig. 3A shows that K15 upregulated IL-8 secretion 16-fold, IL-6 expression 4-fold, and GRO␥ expression 2-fold (Fig. 3B) , which confirms the changes seen at the mRNA level ( Table 1 ). The mutant K15 F 481 was significantly impaired in the induction of cytokine secretion (IL-6, 1.5-fold; IL-8, 1; GRO␥, 0.3-fold) (Fig. 3A and B) .
To quantitatively determine the specific amounts of IL-6 and IL-8 secreted from HeLa cells transiently transfected with K15, an ELISA was performed. Consistent with the DNA microarray and cytokine antibody array, K15 WT significantly induced IL-6 and IL-8 production (Fig. 3C ) (IL-6, 762 pg/ml; IL-8, 1318 pg/ml), while K15 F 481 did not induce IL-6 and IL-8 production compared to empty vector-transfected HeLa cells (Fig. 3C) (mock IL-6, 167 pg/ml; K15 F 481 IL-6, 160 pg/ml; mock IL-8, 51 pg/ml; K15 F 481 IL-8, 51 pg/ml). Equal protein expression levels for K15 WT and K15 F 481 in HeLa cells used for the cytokine antibody array and ELISA are shown in Fig. 3D .
To test whether K15 can induce gene expression of VEGF, we performed a real-time PCR with probes for VEGF and, as a positive control, IL-8. IL-8 was significantly upregulated by K15 (101-fold) but only marginally by K15 F 481 (3.4-fold) as expected, whereas VEGF levels were only slightly upregulated (1.9-fold) in K15-expressing HeLa cells (Fig. 3E) .
Activation of the dscr1 and cox-2 promoters by K15 in 293-T cells. The DNA microarrays showed that expression of dscr1 and cox-2 was significantly upregulated by K15. dscr1 was only recently described as a target for VEGF and seems to have a role in angiogenesis (50, 54, 132) . To confirm the DNA microarray data, we performed luciferase-based reporter assays in 293-T and HeLa cells with reporter plasmids containing the promoter region of either dscr1 or cox-2 cloned upstream of the luciferase gene in the promoterless reporter vector pGL3b (132) . Figure 4A shows the luciferase activity of 293-T cells cotransfected with K15 WT or K15 F 481 with the reporter plasmids pGL3b, Cox-2, or Dscr1 in relation to cells cotransfected with pFJ-EA (mock) and the respective reporter plasmid (luciferase activity of mock-transfected cells was set at 1 for each reporter plasmid). K15 WT was found to upregulate the cox-2 and dscr1 promoters in 293-T cells, whereas the mutant K15 F 481 was significantly impaired in the activation of the two promoters (Fig. 4A) . Similar results were obtained in HeLa cells (data not shown). Expression of the K15 WT and K15 F 481 proteins was comparable (Fig. 4A) . b High density (HD) microarray experiments were performed as "two-color hybridizations". The vector control cRNA population was cohybridized with cRNAs generated from transient transfections with K15 WT or K15 F 481 expression vectors. For each of the two resulting comparisons (K15 WT/control and K15 F 481 /control) an additional "dye-swap hybridization" was carried out. Thus, four high-density microarray hybridizations were performed altogether. After hybridization and data extraction (as described in Material and Methods), the whole data set was filtered for genes that were regulated at least 1.5-fold by the K15 WT construct in each of the two corresponding "dye swap arrays". Listed are the mean ratios of gene expression for 59 cellular genes represented on the HD microarray. Genes that are upregulated by both K15 WT and K15 F 481 are shown in bold. NS, not significant. c For the customized inflammation array, 27 genes were found to be regulated by K15. Shown are the values comparing gene expression of K15 WT or K15 F 481 with empty vector-transfected cells (control) from two independent experiments. Only genes that were regulated by at least 1.5-fold are shown. NA, not available.
d The oligonucleotide probe detecting NM_002090 gro3 (cxcl3 and gro␥) also detects gro1 (cxcl1 and gro␣) and gro2 (cxcl2 and gro␤).
K15 activates the NFAT transcription factor in 293-T cells.
Recently, VEGF was reported to induce dscr1 expression via activation of the NFAT transcription factor (50) . Given the activation of dscr1 by K15, we investigated whether K15 was able to induce NFAT activity. 293-T cells were transiently cotransfected with K15 expression constructs or the empty vector pFJ-EA together with the control reporter plasmid pTA, containing the TA promoter, or the reporter plasmid pNFAT-TA, which additionally contains three tandem copies of the NFAT transcription factor consensus sequence upstream of the TA promoter. As a positive control for NFAT activation, empty vector-transfected 293-T cells were stimulated with TPA and calcium ionophore 4 h before cells were lysed. In order to reduce serum-induced signaling pathways, cells were serum starved 9 h prior to cell lysis. The luciferase activity of mock-transfected 293-T cells was set at 1 for each reporter plasmid. K15 significantly induced the activity of the NFAT transcription factor in 293-T cells (Fig. 4B) , and similar results were obtained in HeLa cells (data not shown). The mutant K15 F 481 was impaired in the activation of NFAT in 293-T (Fig. 4B ) and HeLa cells (data not shown). K15 WT and mutant K15 F 481 were expressed at comparable levels (Fig. 4B) . K15 activates the dscr1 and cox-2 promoters and the NFAT transcription factor in SLK endothelial cells. Since KS is a tumor of endothelial origin, we investigated the capability of K15 to induce dscr1 and cox-2 gene expression and NFAT activity in the KSHV-negative SLK endothelial cell line that was established from a KS tumor (49). K15 expression constructs or pFJ-EA were cotransfected together with the Dscr1, Cox-2 (Fig. 5A ), or NFAT (Fig. 5B) luciferase reporter plasmids. The luciferase activity is shown as relative activity compared to empty-vector-transfected cells for each reporter. As observed for epithelial cells, K15 WT was able to activate the dscr1 and cox-2 promoters (Fig. 5A ) and the NFAT transcription factor (Fig. 5B) in endothelial cells. The K15 F 481 mutant was only slightly impaired in the activation of the dscr1 and cox-2 promoters (Fig. 5A ) and as potent as K15 WT to induce NFAT activity (Fig. 5B) , unlike its effect in epithelial cells (Fig. 4A and B) .
In order to confirm the SLK luciferase reporter assay data, we performed a semiquantitative RT-PCR analysis for the dscr1 transcript. RNA was extracted 32 h posttransfection from transfected HeLa and SLK cells, and cDNA was prepared as described for the DNA microarray. The dscr1 primers detect, as do the probes for the inflammatory gene array, three different splice variants of the dscr1 gene. As depicted in Fig. 5C , the dscr1 transcript appeared after fewer PCR cycles in HeLa and SLK cells that were transfected with K15 WT compared to cells transfected with empty vector. The K15 F 481 mutant was impaired in the upregulation of dscr1 expression in HeLa but not in SLK cells (Fig. 5C) , which confirms the results obtained with the luciferase reporter assays (Fig. 5A ). The PCR with primers for the housekeeping gene GAPDH shows equal amounts of cDNA used for the PCRs (Fig. 5C) , and equal protein expression of K15 WT and K15 F 481 in the SLK cells is shown in Fig. 5D .
DISCUSSION
Previous studies with transiently transfected K15 (exons 1 to 8; aa 1 to 489) had shown that it has an apparent molecular mass of approximately 45 kDa (13, 23, 116) . However, it had not been shown up to now whether this protein is expressed in the context of a complete viral genome. Here we show the existence of a 45-kDa K15-derived protein in cells stably transfected with KSHV BAC36 undergoing productive replication. Based on its molecular size and intracellular distribution, this K15 protein appears to be similar to the transiently expressed full-length (exons 1 to 8 sion of the 45-kDa K15 protein in the 293 KSHV BAC36 cell line during the lytic replication cycle correlates well with published RT-PCR analyses (23, 44, 100) and KSHV gene arrays (57, 98) that describe upregulation of K15 mRNA expression upon lytic cycle induction in PEL cell lines. However, low expression levels of K15 transcripts (23, 44, 100) and K15 protein (this study) have been detected in uninduced KSHVinfected cells. Since a small percentage of latently infected cells are known to undergo spontaneous lytic replication (46, 134, 135) , we favor the interpretation that K15 expression observed in uninduced KSHV-infected cell cultures may be attributable to the small percentage of cells undergoing spontaneous lytic replication.
In PEL cell lines, a 23-kDa protein recognized by a monoclonal antibody to the cytoplasmic domain of K15 has previously been reported (116) . The polyclonal antibody to the cytoplasmic domain of K15 used in our studies (13, 44) detected a similar protein (data not shown). However, we found this protein not to be associated with cellular membranes (data not shown), although a K15-derived protein of similar size and containing the cytoplasmic domain (K15 exons 6 to 8; aa 296 to 489) was found in the membrane fraction (data not shown). An artificially initiated protein containing only the (hydrophilic) cytoplasmic domain (aa 355 to 489) had a lower molecular mass (15 kDa; data not shown), suggesting that the 23-kDa protein in PEL cells is unlikely to represent a proteolytic fragment of a precursor K15 protein that only contains the cytoplasmic domain. We cannot exclude that the 23-kDa protein in PEL cells is derived from K15, but its nature and derivation are not yet resolved.
Since the 293 BAC36 cell line is so far the only cell system in which expression of the endogenous 45-kDa K15 protein could be observed in the context of the entire viral genome, we decided to study its function in epithelial cells. Epithelial cells play a significant role in the establishment of KSHV infection and viral transmission in vivo and in vitro. KSHV DNA has been detected in scattered keratinocytes of the epidermis overlying cutaneous lesions and in eccrine ductular epithelial cells and in spindle and endothelial cells lining the well-formed blood vessels within and surrounding KS lesions (102) . Further, KSHV DNA was detected in epithelial cells from several organs (111) . Moreover, detection of infectious viral particles in the saliva of KSHV-infected patients suggests that the epithelial cells in the oral mucosa or in salivary glands are a source for the virus (58, 97, 127) . KSHV shows a broad host range in culture in that it can efficiently establish latency after de novo infection in many human cells such as HeLa (epithelial origin), human foreskin fibroblasts, and SLK cells (7) . Other studies have demonstrated that the human embryonal kidney epithelial cell line 293 (7, 39, 106) as well as cultured primary oral epithelial cells (33) can support KSHV infection in vitro. Furthermore, KSHV can infect and replicate in primary human keratinocytes in vitro (18) .
We have now analyzed the downstream targets of K15 signaling using DNA gene array analyses. Our study establishes K15 as one of the KSHV genes that is capable of inducing the expression of multiple cytokines, including in particular IL-8 and IL-6 (Table 1 and Fig. 3) , which have been shown to play a role in KSHV-associated pathogenesis. The IL-8 promoter contains an NF-B element that is required for activation in all cell types studied, as well as a single consensus AP-1 site (22, 51) . Numerous lines of evidence exist suggesting that coordinated activation of the MAP kinases ERK, JNK, and p38 is important for IL-8 regulation in response to proinflammatory cytokines such as IL-1 (63), viruses (15) , bacteria (8, 45, 80) , and various stress inducers (51) . The 5Ј flanking region of the IL-6 gene contains a number of cis-acting elements, among them an AP-1 (126) and NF-B (69) consensus site. The existence of these cis elements in the IL-8 and IL-6 gene promoter suggests that K15-mediated activation of cellular transcription factor activity results in the upregulation of cytokine expression. This notion is further supported by the crucial role of the Y 481 residue of the K15 SH2-B motif Y 481 EEV, both in activation of MAP kinase pathways and transcription factors NF-B and AP-1 (13), as well as in the induction of cytokine expression (Table 1 and Fig. 3) . However, K15-induced upregulation of IL-8 and IL-6 may also be mediated indirectly. Expression of IL-1␣ and IL-1␤ was induced by wild-type K15 but not by the K15 mutant K15 F 481 (Table 1) , and IL-1 is known to induce IL-6 and IL-8 production via the JNK MAP kinase pathway (63) . Induction of the chemokine CCL20/MIP-3␣, which was significantly upregulated by K15 (7.4-fold) but not by K15 F 481 , has been attributed to tumor necrosis factor alpha and IL-1␤, probably via MAP kinases Erk1/2 and p38, in epithelial cells (105) . Whether K15 signaling directly upregulates IL-6, IL-8, and/or CCL20/MIP-3␣ expression cannot be answered at this stage.
Notably, several other KSHV-encoded genes upregulate expression of IL-8 and IL-6, suggesting that dysregulated expression of these cytokines is important for KSHV-associated pathogenesis. The lytic vGPCR constitutively activates NF-B and secretion of IL-8 in HeLa cells (117) and IL-6 and IL-8 in endothelial cells (95) . Kaposin B increases the expression of cytokines by blocking the degradation of their mRNAs (e.g., granulocyte-macrophage colony-stimulating factor and IL-6) via activation of the p38/MK2 pathway in HeLa cells (75) . Inflammatory cytokines have been proposed to cooperate with KSHV in promoting the pathogenesis of the virus (36) . KS lesions contain elevated levels of mRNA of inflammatory cytokines such as IL-1, IL-6, gamma interferon, tumor necrosis factor alpha and VEGF, and cultured KS spindle cells express IL-1, IL-6, IL-8, and VEGF (34, 35) . IL-6 is expressed in KSHV-associated tumors (5, 30, 31, 68, 77, 89, 131, 133) and is highly upregulated and escapes the viral host gene expression shutoff mediated by the KSHV-encoded shutoff exonuclease (ORF37) during lytic KSHV growth (42, 43) .
Viral infections are frequently associated with induction of IL-8 production: IL-8 and GRO␣ are induced by KSHV infection of endothelial cells and are crucial to the angiogenic phenotype developed by KSHV-infected endothelial cells in cell culture and upon implantation into SCID mice (66) . In addition, human herpesviruses cytomegalovirus (47, 83) , EBV (61, 74) , and HHV-6 (55) induce IL-8 expression. Dengue virus infection and dengue virus nonstructural protein NS5 and hepatitis C virus nonstructural proteins 4A and 4B were shown to induce IL-8 transcription and secretion in 293 and HeLa cells, respectively (59, 76) . Adenovirus-induced activation of the Ras/Erk MAP kinase pathway contributes to IL-8 production (15) . A member of the ␣-Herpesvirinae, Marek's disease virus, causes T-cell lymphomas in chicken and codes for a viral We further showed that K15 induced expression of chemokines CXCL3/GRO␥, CCL2, CCL5, and CCL20/MIP-3␣ (Table 1 and Fig. 3) . Interestingly, IL-8 and GRO␥ can bind to the KSHV vGPCR with high affinity and stimulate its signaling activity (41, 108) . Since both K15 and vGPCR are expressed during the lytic viral life cycle, K15 might contribute to activation of vGPCR signaling by exerting paracrine effects. vGPCR signaling potently induces cytokine, growth factor, and VEGF secretion, and its angiogenic and tumorigenic activity has been clearly demonstrated in several models (88) .
Cytokines IL-1␣, IL-1␤, and IL-8 are also upregulated by the lytic K1 protein, depending on the intact ITAM motif (67 (13) . In addition, the proline-rich motif (PP 387 PLPP) in the K15 cytoplasmic domain functions as an SH3-B motif for the protein tyrosine kinases Lyn and Hck (M. M. Brinkmann, unpublished data). Studies to identify the role of K15 interaction partners in endothelial cells are currently in progress.
The majority of genes upregulated by K15 were not induced by the K15 F 481 mutant (Table 1) . However, a subset of genes was upregulated by this mutant (Table 1 , highlighted in bold). Among them are (i) death-associated protein kinase 2, which is a Ca 2ϩ /calmodulin-dependent cytoskeletal-associated protein kinase involved in apoptosis (25, 29) ; (ii) syntrophin ␥2, which belongs to a family of genes that are suggested to provide a link between the actin cytoskeleton and membrane-associated proteins including ion channels, enzymes, and receptors (12, 40, 91) ; (iii) prostate differentiation factor/growth differentiation factor 15/macrophage inhibitory cytokine 1, which is a member of the transforming growth factor ␤ superfamily (37); and (iv) fibroblast growth factor 12, which is described to associate with the MAP kinase scaffold protein islet-brain-2, which facilitates recruitment of the MAP kinase p38␦ (112, 113) . This suggests that other K15 functions, independent of SH2-B interactions and triggering of MAP kinase and transcription factor activity, may be important for K15 activity.
In addition to IL-8, the K15-regulated genes dscr1, cox-2, matrix metalloprotease 1, and tissue factor are also involved in angiogenesis. Upregulation of dscr1 and cox-2 gene expression by K15 was confirmed in luciferase reporter assays and by semiquantitative RT-PCR in epithelial (Fig. 4 and 5 ) and endothelial cells (Fig. 5) . dscr1 has several NFAT binding sites in its promoter region (79) and is the most prominent VEGFinduced gene in endothelial cells (1, 50, 54, 79, 132) . The cox-2 promoter encompasses NF-B, AP-1, and NFAT binding sites (118) , and cox-2 is induced by VEGF in an NFAT-dependent manner (1, 48) . As we have shown here, K15 activates, similarly to the KSHV lytic genes K1 (65, 67) and vGPCR (17, 96) , the NFAT transcription factor in epithelial (Fig. 4 and 5 ) and endothelial cells (Fig. 5) .
VEGF plays a key role in KSHV-associated pathogenesis (3, 26, 72, 109, 110) and is induced by a variety of KSHV genes: K1 (129), vGPCR (6, 119), vIL-6 (2), and vMIP-IA (70) . K15 induced vegf gene expression only slightly (Fig. 3E ). This could imply that K15 acts by itself as a constitutive activator of VEGF-dependent pathways, able to induce the activity/expression of VEGF-downstream targets NFAT, dscr1, and cox-2. Notably, VEGF-triggered signaling activates the NFAT and AP-1 transcription factors in endothelial cells (4) . Interestingly, the MAP kinase JNK, which is induced by K15, was shown to mediate NFATc2 activation (90) . Our observation that activation of NFAT and dscr1 and cox-2 gene expression by K15 requires an intact Y 481 in epithelial but not in endothelial cells provides indirect evidence that K15-induced gene expression of dscr1 and cox-2 and NFAT activity may indeed be functionally linked.
The dscr1 gene, designated as such because it resides within the Down syndrome critical region of human chromosome 21, belongs to a family of proteins also termed calcipressins or modulatory calcineurin-interacting proteins. Several potential target genes of the serine/threonine phosphatase calcineurin were described in activated endothelial cells, including Cox-2 (48), IL-8 (11), and tissue factor (4), which were all shown to be induced by K15 (Table 1 and Fig. 3, 4 , and 5). Induction of dscr1 expression has so far not been described for other KSHV-encoded genes, although several are able to induce VEGF and/or NFAT (see above). However, further experiments are needed to address the role of K15-mediated dcsr1 and cox-2 upregulation. Notably, NFAT was shown to be an important factor for KSHV lytic gene expression (137) . These authors have shown that calcineurin-NFAT-dependent signal transduction induces Ca 2ϩ -dependent KSHV replication and virus production in PEL cells and endothelial cells. Whether K15-triggered NFAT activity contributes to KSHV replication and/or virus production is currently being addressed in our laboratory.
Cox-2 is rapidly induced by both inflammatory and mitogenic stimuli resulting in increased prostaglandin E 2 synthesis (118) . Prostaglandins are lipid mediators that have been shown to participate in the regulation of virus replication and modulation of inflammatory responses following infection (123) . Cox-2 is induced in murine herpesvirus 68-infected cells, and prostaglandin E 2 was shown to increase the production of multiple gene products of murine herpesvirus 68 (125) . EBV LMP1 induces Cox-2 protein expression via NF-B in epithelial cell lines (84) . Cox-2 expression was also reported to be increased after KSHV infection (86) and HHV-6 infection (56), and cytomegalovirus replication was shown to be blocked by Cox-2 inhibitors (121, 136) . K15 upregulated the acute phase protein pentraxin-3 (Table  1) , which has also been described to be upregulated by KSHV vIL-6 (62). Expression of heme-oxygenase 1, which was slightly induced by K15, was found to be upregulated in KSHV-infected endothelial cells, and increased heme-oxygenase 1 activity in vitro enhanced proliferation of KSHV-infected cells in the presence of free heme (73) . Thus, K15 may contribute to the expression of several cellular genes previously noted to be upregulated in virus-infected cells.
Moreover, we have found that K15 upregulated the expression of antiapoptotic genes such as tnfaip3/A20, bf, birc3, birc2, and bcl2a1 (Table 1 ). K15 has been described to interact with the protein Hax-1 (116). Hax-1 was shown to inhibit Baxinduced apoptosis, but the relevance of its interaction with K15
is not yet clear (116) . Taken together, these findings suggest that K15 may also contribute to the inhibition of apoptosis in lytically replicating, virus-producing cells.
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